Hertia cheirifolia is an endemic medicinal species of the Tunisian and Algerian flora. The species was found to be rich in monoterpene hydrocarbons and sesquiterpene lactones. Significant variation of essential oil composition was observed between the plant organs. Flower buds were characterized by the highest content of the drimane type (34.08%). Leaf essential oil showed the uppermost percentage of α-pinene (35.63%). Flowers and flower buds exhibited the highest amount of germacrene D (13.18 and 12.80%, respectively). The composition of leaf essential oil varied significantly depending on the harvesting time. The lowest amount of α-pinene (19.49%) and the uppermost contents of drimenin (36.16%) and the drimane type (29.14%) were observed in January (the beginning of the fruiting stage), while leaves collected in March (the full fruiting stage of plants) were marked by the most important accumulation of germacrene D (21.18%). All essential oils were found to possess antioxidant, acetylcholinesterase (AChE), and α-amylase inhibitory activities. The level of activity varied according to the oil composition. Leaf essential oils collected at the full flowering stage exhibited the important radical scavenging capacity (22.3 mg Eq trolox/g EO) and the uppermost inhibitory activities against AChE (2.91 mg Eq donepezil/g EO) and α-amylase (14.4 mg Eq acarbose/g EO). Flower buds essential oils were the most efficient inhibitors of AChE (1.86 mg Eq donepezil/g EO), while essential oils of leaves and fruits possess the highest activity against α-amylase (8.32 and 8.84 mg Eq acarbose/g EO, respectively).
Introduction
Plant secondary metabolites, naturally occurring chemical compounds, are believed to have various therapeutic values. Saponins, phenolic acids, flavonoids, terpenoids, and alkaloids are known to have antioxidant and inhibitory properties against enzymes involved in several diseases. [1, 2] Plant phenological and development stages, plant parts, and ecological and genetic factors are shown to have a significant effect on the quality and quantity of these natural compounds. [3, 4, 5, 6] Hence, the choice of the adequate genotype and organ and the optimal harvesting time is necessary for the production of plant active products with high medicinal value.
The Asteraceae is the largest family of flowering plants, comprising more than 1500 genera and 20000 species worldwide. [7] Numerous Asteraceae species are known to have substantial pharmacological proprieties according to their important phytochemical compounds such as polyphenols (C-glycosyl flavonoids, caffeoylquinic acids, etc.), diterpenes, and sesquiterpenes lactones (eudesmanetype, germacrane-type, drimane-type, etc.). [8, 9] Species belonging to the Asteraceae family, such as Artemisia, Achillea, Chrysanthemum, and Centaurea species, are also rich in essential oils with monoterpenes and sesquiterpenes and their oxygenated derivatives being the main terpenic compounds. [9, 10, 11, 12] However, the qualitative and quantitative variations of essential oil composition were largely reported within and among species. [10, 11] In Tunisia, the family includes 254 species, of which 62 have medicinal properties. [13] .
Hertia cheirifolia (L.) Kuntze, an endemic Asteraceae species specific to Tunisian and Algerian flora, is an evergreen sub-shrub growing in large clumps with ascending and very leafy stems. Leaves are grey-green, alternate, fleshy, and oblong. Flowers are yellow. The flowering period extends from November to December. Fruits are achenes with white pappus that facilitate their dispersion. [14] In Tunisia, the species grows mainly on clay postures and stony slopes. It is confined to well-drained soils with a preference for calcareous ones.
Several eremophilenolides compounds, such as 10β-hydroxyeremophilenolide, 8β-methoxy-10β-hydroxyeremophilenolide, and 8β, 10β-dihydroeremophilenolide, were isolated from the aerial parts of Hertia cheirifolia. [15, 16] The fractionation of the chloroform extract also resulted in the isolation of one sesquiterpenoid (Bakkenolide) and two steroids (Stigmasterol and stigmasterol 3beta-glucoside). [17] The few existing reports performed on the essential oil composition of Hertia cheirifolia showed that in Algeria the most abundant components were drimenin and 1, 2-Di (2-pyridinyl)-1,2-ethanediol. [18] Majouli et al. [19] reported that essential oils obtained from fresh vegetative aerial parts (leaves + stems), roots, and flowers of Tunisian Hertia cheirifolia were mainly composed of α-pinene and germacrene D. [19] A significant variation of the essential oil composition was observed among the investigated plant parts.
The species was found to possess interesting biological properties. Leaf extracts exhibited potent antioxidant activity and interesting protective capacity against DNA damage, lipid peroxidation, protein oxidation, and inflammation. [20, 21] Essential oils exhibited considerable antioxidant and α-glucosidase inhibitory activities. [18, 19] The level of biological activity of the plant extract depends mainly on its chemical composition, which is influenced by several factors such as the plant genotype, the organ type, the phenological stage, and environmental conditions. Accordingly, the aims of our study are i) to analyse the chemical composition of essential oils from leaves, flower buds, flowers, and fruits of Hertia cheirifolia from the same collection site, ii) to investigate the seasonal variability of the leaf essential oil composition during the phenological stages of the species (vegetative, flowering, and fruiting), and iii) to assess the antioxidant capacity, acetylcholinesterase (AChE), and α-amylase inhibitory activities of the essential oils. This study is essential for determining the adequate crop materials and the optimal harvesting times for a goodquality production of natural active compounds.
Materials and methods

Plant material
Aerial parts of Hertia cheirifolia were collected from 10 random plants growing wild in Sousse (35°5 0'N 10°35'E, lower semiarid bioclimate with a rainfall ranging between 300 and 400 mm/year). Plant material was harvested in sequence from September 2013 (vegetative stage) to March 2014 (full ripening), corresponding to distinct phenological stages of the species (Fig. 1) . The differentiation of floral meristems and the development of flower buds and fruits were the main morphological characteristics used to define the main phenological stages of the species. The vegetative period was marked by the newly formed branches and leaves. The transition of vegetative meristems to floral ones and the initiation of flower buds until the full blooming correspond to the flowering stage. The fruiting stage was characterized by the appearance of the pappus and the beginning of achenes dispersal (Fig. 2) . According to the stage of development, branches containing leaves associated with flower buds, flowers, or fruits were collected from the same 10 plants in one day during the first week of each month. Voucher specimens (HC-Sousse-2013-2014) were deposited at the herbarium of Tunisian National Institute of Applied Sciences and Technology (INSAT). The main climatic conditions (air temperature, precipitation, and relative humidity) throughout the seven months of collection are summarized in Table 1 .
Essential oil distillation and identification of compounds
Leaves, flower buds, flowers, and fruits were air dried at room temperature for two weeks. The dried samples (100 g) were separately ground in liquid nitrogen and subjected to hydrodistillation for 3 h using a Clevenger-type apparatus. The essential oil extractions were performed on three lots of each sample. The obtained essential oils were dried over anhydrous sodium sulphate and stored at 4°C until analysis. The essential oil composition was determined by GC-MS (Gas chromatography-mass spectrometry) analysis. An Agilent gas chromatograph (7890 A) equipped with an HP-5MS column (30 m ×0.25 mm, 0.25-µm film thickness) and interfaced with an Agilent mass selective detector (MSD 5975C) was used. Helium was used as the carrier gas at a flow rate of 0.8 ml/min. Oven temperature program was from 40 to 250°C at 4°C/min. Transfer line temperature was 230°C; the MS quadrupole temperature was 150°C; the mass scan range was from 50 to 550 amu at 70 eV; and the scan velocity was 2.91 scans/s. Next, 1 µl of essential oil, diluted with n-hexane, was injected manually. The identification of volatile constituents was performed by comparing their linear retention indices (RIs) calculated according to a series of n-alkanes (C9-C24) with those of authentic standards available in our laboratory or from the literature, and also by comparison of their mass spectra with those of the reference compounds obtained from NIST08 and NIST mass spectral libraries.
Evaluation of antioxidant activity
The antioxidant activity of the obtained essential oil was tested using the free radical scavenging activity, the ferric reducing antioxidant power assay (FRAP), the inhibition of β-carotene bleaching test, and the metal chelating activity.
Free radical scavenging
The evaluation of the free radical scavenging activity against DPPH (2,2-diphenyl-pycrilhydrazil hydrate) was determined according to Doshi et al. [22] with some modifications. Diluted essential oil (100 µl, 10 mg/ml) was mixed with 900 µl of DPPH methanolic solution (60 µM), vigorously shaken and allowed to stand at room temperature in the dark. The absorbance of the mixture was measured at 517 nm after 
Ferric reducing antioxidant power assay
The ferric reducing antioxidant power was adapted from Messaoud et al. [23] The FRAP reagent (900 µl) was mixed with 90 µl distilled water and 30 µl of diluted essential oils (5 mg/ml) and incubated at 37°C for 30 min. The ferric reducing power was calculated from a standard curve plotted using the Fe SO 4 
β-Carotene bleaching test
The capacity of the essential oils to inhibit β-carotene bleaching was determined according to Messaoud et al. [23] The bleaching of β-carotene was determined using the formula: % Inhibition = 100× [(A st -C t )/(C 0 -C t )], where A st and C t are the absorbance measured after incubation for 120 min for the sample and the control, respectively, and C 0 is the absorbance of the control measured at zero time. Results, determined by the linear regression of Butylated hydroxytoluene (y = 1.380× + 2.063; R 2 = 0.988), were expressed as equivalent BHT per gram of essential oil (BHT/g EO).
Metal chelating activity
The ferrous ion chelating activities of essential oil were measured according to Yan et al. [24] In brief, 300 µl of diluted samples (5 mg/ml) was added to 300 µl of FeSO 4 solution (0.125 mM) and left for incubation at room temperature for 5 min. The reaction was initiated by adding 300 µl of ferrozine (0.3125 mM). The mixture was vigorously shaken and allowed to stand for 10 min. The capacity of the essential oil to chelate ion was determined using the following formula: chelating effect (%) = 100× (A c -A s /A c ), where A c is the absorbance value of the control (consisting of methanol, iron, and ferrozine) and A s is the absorbance of the tested oil. The chelating activity was calculated from a standard curve plotted using the EDTA (Ethylenediaminetetraacetic acid) linear regression equation y = 2.719× + 1.638; R 2 = 0.997, and the results were expressed as equivalent EDTA per gram of essential oil.
AChE inhibition assay
The AChE activity was carried out using the colorimetric method of Eldeen et al. [25] with some modifications. Briefly, 330 µl of 50 mM tris buffer (pH 8), 20 µl of diluted oil (10mg/ml) and 50 µl of AChE enzyme solution (0.28 U/ml) were incubated during 15 min at 37°C. Later, 100 µl of 0. 
α-Amylase inhibition assay
The α-amylase inhibitory assay of the essential oils was evaluated according to Kim et al. [26] with some modifications. In brief, 100 µl of essential oil (diluted in 10% methanol in 0.02 M sodium phosphate buffer at a concentration of 10 mg/ml) was mixed with 100 µl of α-amylase solution (1U) and 200 µl of 0.02 M sodium phosphate buffer (pH 6.9). After pre-incubation at 37°C for 10 min, 180 µl of starch solution in 0.02 M sodium buffer was added. The resulting mixture was incubated at 37°C for 20 min and then stopped with 180 µl 3, 5-dinitrosalicylic acid colour reagent. After incubation in a heating bath (90°C) for 15 min and cooled down to room temperature, the reaction mixture was diluted with 600 µl of deionized water, and absorbance was measured at 540 nm. The absorbance of the blank (10% methanol instead of oil and amylase solution) and control (10% methanol instead of oil) samples was also determined. The inhibition of α-amylase was calculated using the following equation:
α-amylase inhibition (%) = 100× [(A c-A s )/A c , where A c is the absorbance of the solution without essential oil (10% methanol instead of oil) and A s is the absorbance of the test sample. The essential oil activity was calculated from a standard curve plotted using the acarbose linear regression equation y = 3.765× -2.978; R 2 = 0.996, and the results were expressed as equivalent acarbose per gram of essential oil.
Statistical analysis
All determinations were conducted in triplicates. Variations of essential oil composition and biological activities among organs (flower buds, flowers, fruits, and the average values of leaves over all the 7 months) or between leaves collected at different months were determined by the analysis of variance (ANOVA) procedure (p < 0.05), followed by Duncan's multiple range test. Calculations were performed using the SAS program version 9. The same analysis was carried out to assess the variation of the antioxidant, α-amylase, and anti-AChE activities. Correlations between the essential oil compounds or chemical classes and climatic parameters were determined with the PROC CORR (procedure correlation) procedure using SAS version 9. Correlations between the essential oil composition and their biological activities were also determined.
Results and discussion
Variation of essential oil composition among organs
The essential oil composition of Hertia cheirifolia leaves, flower buds, flowers, and fruits is summarized in Table 2 . Twenty-three volatile components, belonging to different chemical classes (oxygenated and non-oxygenated monoterpenes and sesquiterpenes, and sesquiterpene lactones), were identified. All the investigated essential oils were found to be rich in sesquiterpene lactones (41.10-66.61%), followed by monoterpene hydrocarbons (13.61-38.61%) and sesquiterpene hydrocarbons (5.51-17.92%). The major compounds were α-pinene (12.67-35.63%), germacrene D (5.25-13.18%), drimane-type sesquiterpene lactone (13.81-34.08%), and drimenin (27.29-32.55%).
As shown in Fig. 3 , the determination of the unknown compound as a drimane-type sesquiterpene lactone was mainly based on the comparison of its mass spectrum with that of drimenin (a well-known drimane-type sesquiterpene lactone derivative). In fact, the molecular ion peak (M + ) of m/z 234, corresponding to C 15 H 22 O 2 as the molecular formula structure, and the base peak of m/z 109 are the main characteristics of drimane-type sesquiterpene lactone components. [27, 28] The total essential oil composition and the occurrence of the drimane-type sesquiterpene lactone and drimenin, observed in our study, are not in line with the few previous studies reported on the species. In fact, Hertia cheirifolia growing in Algeria was characterized by its richness in drimenin (67.5%) and 1,2-Di (2-pyridinyl)-1,2-ethanediol (11.2%). [18] However, α-pinene (22.1-70.4%) and germacrene D (5.9-9.5%) were determined as the main essential oil compounds of the species harvested from the centre of Tunisia (upper arid bioclimate). [19] Several factors such as organ type, growth stages, and ecological and genetic factors were found to have significant effects on the yield and composition of plant essential oils. [29, 30] Thus, the disagreement of our results with those previously reported on H. cheirifolia could be explained by at least one of these factors. Accordingly, further studies based on the combined genetic, ecological, and chemical traits performed on H. cheirifolia populations collected from their whole distribution area may provide additional information about the qualitative and quantitative variations of the species' essential oil profiles.
In our study, ANOVA revealed significant differences (p < 0.05) between the essential oil composition of leaves, flower buds, flowers, and fruits (Table 2) . Flower buds were characterized by the lowest amount of α-pinene (12.67%) and the highest content of the drimane-type sesquiterpene lactone (34.08%). Essential oil extracted from leaves exhibited the uppermost percentage of α-pinene (35.63%) and the lowest amount of the drimane type (13.81%) and drimenin (27.9%). Flower buds and flowers exhibited the highest amounts of germacrene D (12.80 and 13.18%, respectively) and drimenin (32.53 and 32.55%, respectively). The content of minor compounds such as sabinene, myrcene, β-elemene, and β-caryophyllene also varied significantly (p < 0.05) between the analysed plant organs.
Majouli et al. [19] also reported significant differences between essential oils extracted from the vegetative parts (leaves + stems), roots, and flowers of H. cheirifolia. The variation of essential oil composition among the plant organs could be attributed to the specific function of terpenic compounds in plants, including the deterrence of herbivores and the attraction of pollinators. In addition, regulatory controls operating at the organ, cellular, and enzyme levels also play an important role in controlling the pathway biosynthesis of compounds. [31, 32] Variation of leaf essential oil composition according to phenological stages
The chemical composition of Hertia cheirifolia essential oils extracted from leaves, with regard to the phenological stage of the plants, was also assessed (Table 3) . A total of 23 compounds were identified. Significant variations of the essential oil composition according to the collection period were detected (Table 3 ). The vegetative stage was dominated by the highest percentage of monoterpene hydrocarbons (57.61-58.22%) and the lowest content of sesquiterpene lactones (22.41- Values followed by different letters within the same row are significantly different (p < 0.05).
22.42%).
At the full flowering stage (December), the amount of sesquiterpene lactones increased to 45.38%. The highest percentage of these compounds (65.30%) was observed at the beginning of fruiting (January). Leaves collected at the full fruiting stage (March) were marked by the most important accumulation of sesquiterpene hydrocarbons (27.05%). The content variation of these essential oil fractions was mainly due to the change of major component percentages throughout the seven months of analysis (Table 3 ). In fact, the content of α-pinene, representing over 50% of the essential oil at the vegetative period, decreased markedly during the flowering and ripening periods, while the percentages of drimenin, germacrene D, and the drimane-type sesquiterpene lactone increased as the season progressed (Fig. 4) . Furthermore, a significant variation (p < 0.05) of the essential oil composition was also observed within each phenological stage ( Table 3 ). The lowest amount of α-pinene (19.49%) and the uppermost contents of drimenin (36.16%) and the drimane type (29.14%) were observed at the beginning of fruiting (January), while the full fruiting stage (March) was marked by the most important accumulation of germacrene D (21.18%). The variation of Hertia cheirifolia leaf essential oils during the seven months of analysis could be explained by the change of climatic conditions such as temperature, rainfall, humidity, day length, and sunlight. [32, 33, 34] In our study, the air temperature, the precipitation, and the relative humidity levels were changed throughout the seven months. These climatic parameters were found to have a significant influence on the essential oil composition of Hertia cheirifolia. Accordingly, the percentages of monoterpene hydrocarbons, principally constituted of α-pinene, were positively correlated to the average of air temperature. However, the occurrence of sesquiterpene lactones, mainly the drimane-type compound, was negatively correlated to the air temperature. The content of drimenin was negatively linked to humidity (Table 4) .
Climate changes during seasons (temperature, humidity, UV-B radiation, atmospheric CO 2 , etc.) have a significant impact on the synthesis of terpenes. Climatic effects could be traduced directly on the activity of several enzymes, such as isopentenyl diphosphate isomerise and prenyltransferases, that catalyze the synthesis of many terpenes, or indirectly by the downregulation or impairment of primary metabolism, and consequently the insufficient supply of photosynthetic metabolites involved in the terpene's biosynthesis pathway. [35, 36, 37, 38] Thus, the change of plant biochemical pathways and physiological processes with respect to harvesting time could reduce or elicit the synthesis of different terpenic compounds with important consequences for plant protection against environmental constraints. [39, 40, 41] Antioxidant, AChE, and α-amylase inhibitory activities All the investigated essential oils were found to possess antioxidant activity as determined by the four complementary assays (Tables 5 and 6) . However, the level of activity varied significantly between plant organs (Table 5 ). Essential oils extracted from leaves exhibited the highest radical scavenging activity (15.6 mg Eq trolox/g EO), while the lowest capacity (1.35 mg Eq trolox/g EO) was observed for the flower essential oils. The highest ferric reducing power (166.7 µmol Fe 2+/ g EO) was also observed with essential oils from leaves. The inhibition of β-carotene bleaching ranged between 10.2 (fruits) and 38.6 mg Eq BHT/g EO (flowers). The highest ferrous ion chelating activity (8.42 mg Eq EDTA/g EO) characterized the flower essential oils, while the lowest activity was recorded for essential oil of fruits (4.95 mg Eq 
EDTA/g EO).
Hertia cheirifolia essential oils were found able to inhibit the activity of AChE and α-amylase enzymes (Table 5) . Flower buds essential oils were the most efficient inhibitors of AChE (1.86 mg Eq donepezil/g EO), while essential oils extracted from leaves and fruits possessed the highest activity against α-amylase (8.32 and 8.84 mg Eq acarbose/g EO, respectively). Antioxidant, AChE, and α-amylase inhibitory activities of the essential oils extracted from leaves varied significantly along their harvesting time ( Table 6 ). The vegetative (October) and the beginning of flowering (November) stages were marked by the highest capacity to chelate ferrous ions (8.4 and 8.3 mg Eq EDTA/g EO, respectively). Leaves collected in September (vegetative period) exhibited the important activity to inhibit the bleaching of β-carotene (51.6 mg Eq BHT/g EO). The uppermost reducing power activity (225 µmol Fe 2+ /g EO) was observed in November (beginning of flowering). Essential oils of leaves collected at the full flowering stage of the species (December) exhibited the important radical scavenging capacity (22.3 mg Eq trolox/g EO) and the uppermost inhibitory activities against AChE (2.91 mg Eq donepezil/g EO) and α-amylase (14.4 mg Eq acarbose/g EO).
Recently, Majouli et al. [19] reported that the essential oils from the fresh flowers, vegetative part, and roots of Hertia cheirifolia possessed substantial antioxidant activities and inhibitory property against α-glucosidase. The level of each activity varied among plant organs. However, to the best of our knowledge, no published report is yet available on the inhibitory capacity of H. cheirifolia essential oils against cholinesterase and α-amylase. The inhibition of α-amylase, the enzyme involved in the digestion of carbohydrates, is considered as a strategy for the treatment of type 2 diabetes and obesity diseases. [42, 43] Furthermore, natural AChE inhibitors from plant sources offer an attractive strategy in pharmacological application for Alzheimer's. [44, 45, 46] The biological activities of Hertia cheirifolia essential oils, determined in our study, could be explained in part by the presence of sesquiterpenes lactones (the drimane-type sesquiterpene and drimenin) in high concentration. These compounds, mainly drimane derivatives, are known for their promising antioxidant and inhibitory activities of several enzymes involved in health disease. [2, 47] They also possessed numerous biological activities, such as anticancer, antibacterial, antifungal, and antiviral. [48, 49, 50] Monoterpenes, such as α-pinene among the major compounds of Hertia cheirifolia essential oils, were found to exhibit potent inhibitory activities against AChE and α-amylase enzymes. [51, 52, 53] In our study, the biological activities of essential oils varied significantly between organs and also during the plant development. These variations are mainly explained by the essential oil composition differences for either major or minor compounds . [54, 55, 56] In fact, the correlation analysis performed between the major essential oil compounds and the analysed biological activities (Table 7) showed that the contents of monoterpene hydrocarbons and α-pinene were positively correlated to the inhibition of β-carotene bleaching, contrary to the amounts of sesquiterpene lactones, drimane-type compounds, and drimenin. Furthermore, the content of drimenin was negatively correlated to the scavenging activity. Sesquiterpene lactones, mainly the drimane-type compound, were negatively correlated to the ferrous chelating activity and positively related to the anti-AChE capacity. However, the biological activities of essential oils are not directly related to the amount of the main compound, but also depended on the interactions between the major and minor ones, which produce synergetic and/or antagonistic responses. [56, 57, 58] Thus, the absence of a significant correlation between the percentages of certain compounds and the level of activity does not neglect their beneficial potentialities because their biological activities have been widely reported. 
Conclusion
This study highlighted the effect of harvesting season and plant part on the essential oil composition and biological activities of Hertia cheirifolia. The essential oils extracted from the leaves, flower buds, flowers, and fruits were characterized by their richness in monoterpene hydrocarbons and sesquiterpene lactones. Significant variations of the essential oil composition were observed both between plant organs, and between the phenological stages of the species (vegetative, flowering, and fruiting). The essential oil differences observed throughout the months of collection (from September to March) were mainly related to ecological parameters affecting the plant growth and secondary metabolites biosynthesis. Hertia cheirifolia essential oils possessed a considerable antioxidant activity and effective inhibitory effects against enzymes related to diabetes (α-amylase) and Alzheimer's (AChE). These properties could highlight the exploitation of the species in diverse pharmaceutical fields. However, the level of activity varied according to the plant organs and harvesting time. Leaves and flowers exhibited the highest biological activities. The level of biological activities of leaf essential oils varied significantly according to the phenological stage of plants. In fact, the important antioxidant and α-amylase and AChE inhibitory activities were determined in the vegetative and flowering periods. These results should support the choice of the adequate organ and the harvesting time of leaves for the preferential exploitation of Hertia cheirifolia according to the desired biological activities.
Complementary investigations based on the isolation and identification of individual bioactive compounds and the in vivo assessment of their antioxidant and enzymes inhibitory activities are recommended to promote the biological activities of this medicinal crop for various natural therapies. 
